Commercial farmers have been using polyethylene plastic mulch since the 1950s. Despite the affordability and effectiveness of polyethylene mulch, the disposal process is financially and environmentally costly. Biodegradable plastic mulches, an ecologically sustainable alternative to polyethylene mulch films, were introduced in the 1980s. Biodegradable plastic mulches can be tilled into the soil or composted at the end of the season, reducing the labor and environmental costs associated with plastic removal and disposal. However, research results are mixed as to the effectiveness, degradability and ease-of-use of biodegradable plastic mulches. In 2008-2012, researchers, funded by a USDA Specialty Crop Research Initiative grant, conducted surveys and focus groups in three different agricultural regions of the USA to better understand the barriers and bridges to the adoption of biodegradable plastic mulches for specialty crop production systems. Data on the experiences and views of specialty crop growers, agricultural extension agents, agricultural input suppliers, mulch manufacturers and other stakeholders showed that the major adoption barriers were insufficient knowledge, high cost and unpredictable breakdown. The major bridges to adoption were reduced waste, environmental benefits and interest in further learning. These findings are discussed with reference to the classic innovation diffusion model, specifically work on the innovation-decision process and the attributes of innovations. The study results can be used to guide the activities of those involved in the design, development and promotion of biodegradable plastic mulches for US specialty crop production systems.
Introduction
Commercial vegetable and fruit growers use mulch to control weeds, conserve soil moisture, protect crops from contamination by soil, modify soil temperature, minimize nutrient leaching, reduce insect damage, improve plant growth, accelerate crop maturity, enhance produce quality and increase crop yield [1] [2] [3] [4] . Polyethylene plastic mulch films, introduced in the 1950s, are the preferred type of mulch among growers of specialty crops (e.g., vegetables and fruits) because of their widespread availability, cost efficient weed control, ease of mechanical application, labor savings, high durability and ability to increase crop yields [5] [6] [7] . Polyethylene mulch is made from non-renewable, petroleum-based feedstock, and used typically for one growing season prior to disposal 2 . US vegetable growers use approximately 130 million kilograms (143,000 tons) of plastic mulch annually 8 .
Despite the affordability and effectiveness of polyethylene mulch, the disposal process is financially and environmentally costly 1, 3, 4, 9 . Removal and disposal costs are often more than $250 per hectare ($100 per acre) 10 . Used plastic mulch is typically burned, buried or dumped in landfills common because of dirt and chemical residues, lack of specialized baling equipment, limited recycling programs, long distances to recycling facilities and high cost 2, 9, 11, 12 . Biodegradable plastic agricultural mulches (hereafter biodegradable mulches) were introduced in the 1980s as an ecologically sustainable alternative to polyethylene plastic mulch. Biodegradable mulches can be tilled into the soil or composted at the end of the season, reducing the labor and environmental costs associated with plastic removal and disposal. Biodegradable mulches fall into two major categories based on their primary polymeric constituents: biobased polymers (e.g., starch and cellulose) and synthetic polymers (e.g., polyesters such as polylactic acid) 13 . Commercially available polymers and polymer blends currently employed in biodegradable agricultural mulches include, but are not limited to, Biomax TPS (DuPont, USA), Biopar (Biop, Germany), Biosafe , and Paragon (Avebe, Netherlands) 13 . The degradation of biodegradable mulches results from the action of naturally occurring microorganisms such as bacteria, fungi and algae [13] [14] [15] . The rate of biodegradation is influenced by the properties of the mulch materials (e.g., morphology, tensile strength and flexibility, and chemical composition), environmental conditions (e.g., temperature, pH, soil moisture and ultraviolet radiation), and the characteristics of microorganisms capable of biodegradation 1, 13 . New types of biodegradable mulches are continuously being developed and evaluated by scientists and researchers 1, 2, 13, 16 . Field studies have evaluated the performance of numerous types of mulch products 2, 10, [17] [18] [19] [20] [21] [22] . Research results are mixed as to the effectiveness, degradability and ease-of-use of biodegradable mulches 2, 10, [23] [24] [25] . Moreover, lack of consensus among mulch manufacturers and specialty crop growers has surrounded the definitions of 'degradable' and 'biodegradable'. Such findings in part explain why biodegradable mulches constitute a relatively small share of the commercial mulch market 1 . On a more positive note, although more expensive to purchase than polyethylene plastic mulch, biodegradable mulches may be considerably cheaper when the costs associated with removal and disposal are taken into account 21, [26] [27] [28] . Another reason for the low adoption of biodegradable mulches to date is that USDA certified organic growers are forbidden to use biodegradable mulch products. According to the current US National Organic Program (NOP) rules, certified organic growers are allowed to use polyethylene plastic as a mulch if the plastic is removed at the end of the growing season. In contrast, organic growers are not allowed to use biodegradable plastic mulch products because the products do not conform to NOP standards 29 . The National Organic Standards Board (NOSB), however, passed a motion in 2012 to recommend the allowance of 'biodegradable biobased mulch films' that are 'produced without organisms or feedstock derived from excluded methods' (e.g., genetically modified organisms) and 'completely biodegradable' (defined as at least 90% biodegradation in soil within 2 years) 30 . The NOSB sees the allowance of biodegradable biobased mulch films as 'an opportunity to reduce pollution substantially without sacrificing organic farming principles' 30 . The anticipated inclusion of biodegradable biobased mulches in the NOP's National List of Allowed and Prohibited Substances (under section §205.601(b)(2): Synthetic substances allowed for use in organic crop production-as herbicides, weed barriers, as applicable-mulches), and the subsequent potential adoption of biodegradable mulches by a new group of specialty crop growers (i.e., certified organic vegetable and fruit growers), is reason to explore stakeholders' experiences with and perceptions of these new products.
Learning from past and current adopters (as well as nonadopters) can aid future diffusion and adoption efforts.
Sociological research is needed to complement the growing number of field studies on the performance of biodegradable mulches. To our knowledge, there are no published comprehensive sociological or related studies that explore stakeholders' experiences with and perceptions of biodegradable mulches. To remedy this situation, we conducted surveys and focus groups to explore the barriers and bridges to the adoption of biodegradable mulches for US specialty crop production. 'Barriers and bridges' are the biophysical, social, cultural, economic or technical factors that may significantly hinder or help, respectively, the successful design, development, diffusion and adoption of an innovation. We obtained information from producers of specialty crops (e.g., vegetables and fruits) as well as other individuals (e.g., agricultural extension agents, agricultural input suppliers, mulch manufacturers and university scientists) involved in the development, diffusion and/or use of biodegradable mulches. This sociological research was part of a large USDA Specialty Crop Research Initiative (SCRI) project entitled 'Biodegradable Mulches for Specialty Crops Produced under Protective Covers.' The SCRI project focused on three growing regions-Mid-South (Knoxville, TN), High Plains (Lubbock, TX), and Pacific Northwest (Mount Vernon, WA)-that were selected because they differ in climate and agricultural production methods, and have been conspicuously underserved, to date, by research and outreach on plasticulture.
In our discussion of the barriers and bridges to the adoption of biodegradable mulches, we draw on the concept of the 'innovation-decision process' 31 . Innovation adoption is not an 'instantaneous act' but rather a process that occurs over time [31] [32] [33] . The widely accepted model of the innovation-decision process consists of five stages: knowledge, persuasion, decision, implementation and confirmation (Fig. 1) . Active promoters of an innovation (e.g., a new biodegradable mulch product) want targeted individuals (e.g., specialty crop growers) to move seamlessly from initial awareness to final confirmation.
However, potential adopters may reject an innovation at any stage of the innovation-decision process. For example, a specialty crop grower might learn about a biodegradable mulch product and reject it outright because it does not fit within their existing farming system, whereas another grower might use the new product and then reject it because of problems encountered during the growing season. Our study seeks to determine where individuals are situated in relation to the five-stage innovation-decision process ( Fig. 1 ) with regard to biodegradable mulches. We believe that future design, development and promotion activities could draw on this information to help potential adopters move more quickly through the five stages.
Our study also draws on diffusion of innovations research on how the attributes of innovations influence rates of adoption 31, [33] [34] [35] [36] [37] . Research has shown that five innovation characteristics are particularly important as predictors of adoption behavior: relative advantage, compatibility, complexity, trialability and observability ( Table 1) . The emphasis here is on individuals' perceptions of innovation attributes 31 . Innovations that are perceived to be better than other practices, compatible with existing values and needs, easy to understand and use, divisible for small-scale trial, and readily visible tend to be adopted more quickly. Individuals' perceptions of innovation attributes are shaped by socio-institutional relationships 31, 38 . For example, a vegetable grower's perceptions of a biodegradable mulch product may be influenced by ties to other growers, local agricultural extension agents, crop consultants and agricultural input suppliers. It is important for promoters of innovations (e.g., new biodegradable mulch products) to understand how stakeholders' perceptions of the five attributes listed in Table 1 can serve as barriers or bridges to adoption.
In sum, the questions addressed in this research are: (1) with regard to biodegradable mulches, where are individuals situated in relation to the five-stage innovation-decision process? (2) What are stakeholders' perceptions of biodegradable mulches and how do these perceptions influence adoption behavior? (3) What are the primary barriers and bridges to the adoption of biodegradable mulches for US specialty crop production?
Methods
Two surveys and six focus groups were conducted over a 4-year period (2008) (2009) (2010) (2011) (2012) in Tennessee, Texas and Washington to explore the barriers and bridges to the adoption of biodegradable mulches for specialty crop production. The first survey (hereafter referred to as the key informant survey) targeted farmers identified by project team members as leaders in using or experimenting with innovative agricultural technologies (e.g., biodegradable mulches, high tunnels) in their respective states. Approximately 15 farmers per state were contacted personally in November/December 2008 and invited to participate in the survey. Only farmers who agreed to participate (N = 41) were sent a five-page questionnaire. The survey included questions about experiences with and opinions about biodegradable mulches, as well as farm characteristics. In the survey, biodegradable plastic mulch was defined as a 'manufactured alternative to plastic mulch [that] ideally provides the same benefits of plastic mulch (weed control, soil temperature moderation, and soil moisture conservation) and provides the added benefit of being 100% biodegradable, either in the field or in composting'. Thirty-four individuals completed the survey for an 85% response rate.
Six focus groups (two per state) took place during 2010-2011, and included farmers, mulch manufacturers, agricultural extension agents, university scientists and other stakeholders. Each focus group was preceded by a field tour and demonstration of biodegradable mulches and high tunnels at each focus group site. The primary objectives of the focus group discussions were to: (1) gauge general knowledge of, interest in and support for biodegradable mulches and (2) identify potential barriers and bridges to the successful design, development and adoption of biodegradable mulches. Eighty individuals were invited to participate in the focus groups; 61 individuals (76%) attended. Ninety-five percent of focus group participants filled out a short questionnaire at the end of their respective focus group sessions. The final survey (hereafter referred to as the intermediary survey) targeted agriculture extension agents, agricultural input suppliers, crop consultants and other individuals who make production recommendations to specialty crop growers in Tennessee, Texas and Washington. Following the Tailored Design Method 39 , 398 individuals were contacted five times by electronic and postal mail in May/June 2012. Individuals were asked to complete an eight-page questionnaire entitled 'Biodegradable Plastic Mulches: Experiences and Opinions of Intermediaries'. A link to an online version of the survey was provided in each mailing. The survey included questions about knowledge/use of plastic mulch, knowledge/use of biodegradable plastic mulch and respondent characteristics. In the survey, biodegradable plastic mulch was defined as a 'plastic mulch product (used to suppress weeds and conserve water) that degrades in the field or in composting'. Eighty-nine individuals were excluded from the study because of ineligibility (e.g., individuals who indicated they did not provide production-related advice to specialty crop growers) and four were excluded for invalid addresses. Ninety-seven individuals completed the survey for an adjusted response rate of 32%.
In total, 192 individuals across three states participated in the surveys and focus groups ( Table 2 ). More study participants were from Tennessee (N = 75) and Washington (N = 76) than from Texas (N = 41). The findings presented below draw on the combined results from the surveys and focus groups. Because of low sample sizes at the state level, we focus primarily on aggregated results across the three states rather than regional differences. However, state location is provided for all direct quotes.
Findings

Respondent characteristics and experience with biodegradable plastic mulches
Key informant survey participants, on average, farmed 146 acres and had 24 years of farming experience. Total annual farm receipts ranged from under US $50,000 (34%) to US $50,000-499,999 (34%) to US $500,000 or more (32%). Only 2% of key informants were actively using biodegradable mulch products on their farms; however, 29% had used these products in the past, mostly for tomato production. Of the key informants who had used biodegradable mulches, 60% were not at all satisfied with the results, 10% were somewhat satisfied, 10% were very satisfied and 20% were unsure.
Most (73%) of the intermediary survey participants worked in university extension, whereas smaller percentages worked as crop consultants, farm supply store managers, farm planners and conservation district administrators. The intermediaries had, on average, 15 years of experience providing production-related advice to specialty crop growers; 75% of intermediaries specialized in vegetable production. Although 64% of intermediaries were familiar with biodegradable mulches, only 25% stated that they 'occasionally' or 'often' recommended the use of biodegradable mulches. Twenty-three percent indicated that growers in their area or state 'occasionally' or 'often' asked about biodegradable mulches. On average, the intermediaries estimated that 7% of specialty crop growers in their respective regions used biodegradable mulches. Of the intermediaries who were familiar with biodegradable mulches, 9% were not satisfied with the results, 32% were somewhat satisfied, 9% were very satisfied and 50% were unsure.
Detailed information about farming experience, operation size, agency affiliation and prior use of biodegradable mulches was not collected for every focus group participant, so we are unable to present aggregated results here. It was clear from the focus group discussions, however, that very few individuals had firsthand experience with biodegradable mulches.
Perceived barriers to the adoption of biodegradable plastic mulches
Insufficient knowledge. Lack of information about an innovation can prevent individuals from moving through the stages of the innovation-decision process 31 . Our survey and focus group results suggest that many farmers, agricultural extension agents, agricultural input suppliers, and other individuals who could potentially use or recommend biodegradable mulches in specialty crop production systems lack sufficient knowledge to move from the knowledge and persuasion stages to the decision, implementation and confirmation stages of the innovation-decision process (see Fig. 1 ).
Most key informant survey participants lacked sufficient information about biodegradable mulches. Seventy-eight percent of key informants indicated that they did not have adequate access to biodegradable mulch information. In a different question, respondents were provided with a list of 18 potential problems associated with the use of biodegradable mulches and asked to rate each as 'not a problem', 'minor problem', 'moderate problem', 'serious problem' or 'don't know' (Table 3) . Two-thirds (68%) of respondents indicated that 'not having enough information about biodegradable mulches' was a moderate or serious problem. Forty-four percent indicated that 'not knowing enough about how to effectively use biodegradable mulches' was a moderate or serious problem. More than 40% of respondents felt that they did not know enough about biodegradable mulches to provide informed responses for 12 of the 18 potential problems associated with biodegradable mulch use (Table 3) . Focus group participants' knowledge of biodegradable mulches was assessed by examining follow-up survey answers and comments made during focus group discussions. Thirty-five percent of participants indicated that they knew 'very little' about biodegradable mulches before the field tour, demonstration and group discussion. Focus group participants discussed not only their own lack of knowledge, but also insufficient knowledge among growers in their respective regions.
The intermediary survey participants also lacked sufficient knowledge of biodegradable mulches. Over one-third (37%) of intermediaries were 'not familiar', 58% were 'somewhat familiar' and only 5% were 'very familiar' with biodegradable mulches. When asked to rate the seriousness of 14 potential problems related to the use of biodegradable mulches by specialty crop growers, many intermediaries did not feel informed enough to provide an answer. The percentage of respondents who selected 'don't know' ranged from 41 to 66% across the 14 items (Table 4) . Moreover, 'lack of knowledge about effective biodegradable plastic mulch use' was perceived by intermediaries to be the most serious problem related to biodegradable mulches for specialty crop growers (Table 4) . Stakeholders' insufficient knowledge may have been related to the perceived complexity associated with selecting and effectively using biodegradable mulches. Perceived complexity is an innovation attribute known to negatively influence adoption rates (Table 1) . It is not clear, however, from our survey and focus group results if innovation complexity per se was hindering adoption. It is more likely that stakeholders' insufficient knowledge stemmed from their location in the early stages of the innovation-decision process, rather than from their inability to understand the innovation.
High cost. Participants in both the key informant and intermediary surveys expressed concern about the costs associated with using biodegradable mulches. Approximately one-third of key informants who had used biodegradable mulches in their farming operations stated that high cost was an issue. Nearly half (47%) of all key informants indicated that 'high cost of biodegradable plastic mulches' was a moderate or serious problem (Table 3) . Similarly, 47% of intermediaries believed that 'cost of biodegradable plastic mulches' was a moderate or serious problem (Table 4) . Slightly smaller percentages of intermediaries considered the 'cost of specialized mulch laying equipment' (45%) and 'labor (time/cost) required to lay biodegradable plastic mulches' (31%) to be moderate or serious problems (Table 4) . In response to an open-ended question about what they liked least about biodegradable mulches, intermediaries expressed major concerns about the costs of biodegradable mulch products, laying equipment and labor for installation and removal.
The focus group participants were also concerned with the high cost of biodegradable mulches (especially relative to polyethylene plastic mulch), as well as the associated equipment and labor costs. Participants remarked: One Washington focus group participant remarked that 'everyone would adopt' biodegradable mulch if it was not 'ten times the cost' of conventional plastic mulch. Regardless of the accuracy of the tenfold cost difference, the perception of higher cost is a significant barrier to the adoption of biodegradable mulches. Perceived higher cost, a relative disadvantage, is an innovation attribute correlated with slower adoption rates ( Table 1) .
Unpredictable breakdown. Key informant survey participants were asked to describe problems they had experienced with regard to using biodegradable mulches. Nearly all key informants who had firsthand experience with using biodegradable mulches mentioned problems related to unpredictable breakdown. Responses ranged from 'disintegrated too quickly' and 'quick decay' to 'doesn't biodegrade fast enough' and 'never fully degraded.' Forty-five percent of key informants (including individuals who had never used biodegradable mulches) were skeptical that biodegradable mulches were totally biodegradable ( Table 3) . The intermediary survey produced similar results: 45% of intermediaries believed 'biodegradable plastic mulches do not completely break down' was a moderate or serious problem (Table 4) . In written comments about what they liked least about biodegradable mulches, intermediaries expressed concerns about both fast degradation (e.g., 'breaks down too quickly', 'most do not last the length of time specified' and 'often starts to disintegrate before the production season is over') and slow degradation (e.g., 'unproven complete biodegradability', 'some small pieces don't degrade as fast as I would like' and 'does not degrade in a timely fashion'). Unpredictable breakdown was a major topic of conversation among the focus group participants. Some individuals expressed concern about the loss of biodegradable mulch integrity early in the season. A Tennessee focus group participant commented: A related concern among focus group participants was the unknown impact of biodegradable mulches on the soil. Some comments related to potentially harmful byproducts:
Well, it might be biodegradable in 500 years and maybe 97 percent of it is gone but the 3 percent that's left is all the bad stuff. (Washington Focus Group 1) From a soil stewardship perspective I'm less afraid of black plastic than I am of these biodegradable ones . . . My main concern is that there's going to be buildup in the soil . . . Once it biodegrades, is there going to be a buildup of something that is going to hinder a future crop? (Tennessee Focus Group 1) Other focus group participants emphasized the unknown impact on soil organisms: Key informant survey participants were also concerned about the release of potentially toxic by-products into the soil and the impacts of biodegradable mulch use on soil organisms (Table 3) .
Potential bridges to the adoption of biodegradable plastic mulches
Reduced waste. The previous section illustrated that the unpredictable breakdown of biodegradable mulches can serve as a significant adoption barrier. However, there is ample evidence from the intermediary survey and focus groups to suggest that biodegradability, in general, can also serve as a bridge to adoption. Complete biodegradability means growers do not need to remove and dispose of agricultural plastics-activities that can be quite laborintensive and expensive. In response to an open-ended question about what they liked the best about biodegradable mulches, approximately 50% of the intermediaries emphasized biodegradability and not having to remove and dispose of mulch materials. Examples of written comments included: 'not hav[ing] to pull it up at the end of the growing season is very convenient' (Tennessee county extension director), '[it doesn't] have to be removed and disposed of' (Texas horticulture extension agent), 'retrieval and disposal [are] not necessary' (Washington agricultural input supplier), and 'elimination from the waste stream' (Washington farm planner).
Focus group participants also liked that the use of biodegradable mulches ideally eliminates the need for plastic removal and disposal. Here two Washington participants discuss their preference for biodegradable mulches over polyethylene plastic mulches:
I used plastic mulches to some degree for maybe six to eight years. I tried using biodegradable ones [but] I couldn't get it off my roller and it's still sitting in some shed. Ideologically I would love to do that. I hate . . . to go out and pick [plastic mulch] up and stuff it in the dumpster. (Washington Focus Group 1) There's considerable demand, especially for biodegradable mulches because trying to get rid of the black plastic is really problematic . . . I think this generation of people that are coming into the workforce don't want to deal with that issue continually. (Washington Focus Group 1) A focus group participant in Tennessee put it simply: 'having less plastic in the landfills is a really good thing' (Tennessee Focus Group 2). The association of biodegradable mulches with reduced waste appears to be compatible with stakeholders' ideological orientations and values. Moreover, the 'disappearance' (biodegradability) of new mulch products in the field is a very visible result of using such products. Compatibility and observability are innovation attributes known to be positively correlated with rate of adoption (Table 1) .
Environmental benefits. Intermediary survey participants especially liked that biodegradable mulches were environmentally friendly. In written comments about what they liked best about biodegradable mulches, respondents wrote: '[they will] break down therefore [they are] environmentally friendly' (Tennessee county extension director) and 'they break down when left in the environment' (Washington county extension director). A Tennessee county extension agent and a Washington crop consultant simply wrote 'environmentally friendly' as their favorite biodegradable mulch characteristic. Focus group participants also mentioned the environmental benefits of biodegradable mulches:
The advantage to biodegradable mulch is that we're putting less plastics and stuff into the soil . . . It's good for the environment. (Tennessee Focus Group 1)
We've used plastic mulches probably about eight to ten years now. And I went to a master gardeners meeting . . . I had never heard of biodegradable mulches. I got real excited to hear about it, just because of the benefit to the environment . . . So I'm really interested in seeing how they compare to the plastic mulches. (Tennessee Focus Group 2) The fact that some stakeholders perceive biodegradable mulches to be better for the environment than polyethylene plastic mulches is a potentially important bridge to adoption. As Table 1 indicates, innovations with a perceived relative advantage, such as a smaller environmental footprint, are associated with faster rates of adoption.
Interest in further learning. A significant bridge to adoption is the desire on the part of the majority of study participants to learn more about biodegradable mulches. Many individuals appear to be interested in moving from the knowledge stage to the persuasion, decision and implementation stages of the innovation-decision process (see Fig. 1 ). For example, the key informant survey results indicated that 50% of respondents were interested in working with scientists and extension educators on research related to improving farming systems using biodegradable mulches.
All of the focus group participants expressed an interest in learning more about biodegradable mulches; 82% were 'very interested' and 18% were 'somewhat interested' according to the follow-up survey results. In addition, most focus group participants were 'very interested' (84%) or 'somewhat interested' (13%) in working with scientists and agricultural extension agents on biodegradable mulch design, development and dissemination. The desire for more information-whether through attendance at field days, participation in on-farm trials or other types of interactions with scientists and extension agents-was expressed during focus group discussions: Before I started coming to these things, if we were talking about biodegradable mulch, I just barely knew what mulch was. My biodegradable mulch is leaves . . . It would be neat to have, you know, a forklift, roll of plastic that was affordable that you just roll out . . . punch holes in it, plant stuff in it, and then have that stuff disappear, enrich the soil. That would be fantastic. (Tennessee Focus Group 1) Intermediary survey participants were also interested in increasing their knowledge of biodegradable mulches. Nearly two-thirds (64%) of survey respondents were 'somewhat interested' and 29% were 'very interested' in learning more about biodegradable mulches. One intermediary expressed a desire to teach other individuals about the innovation: '[I] need some biodegradable mulch to try in demonstrations' (Tennessee agricultural extension agent). Another intermediary wanted to experiment with biodegradable mulches for windbreak plantings: 'I have nine plantings with different types of fabrics and would like to find a biodegradable mulch' (Washington conservation district coordinator). These comments illustrate potential adopters' interest in experimenting with biodegradable mulch products on a small scale before deciding to fully adopt them. Such trialability should positively influence adoption rates ( Table 1) .
The results of the intermediary survey also provide information about recent sources of biodegradable mulch information and preferred information channels. In 2007-2012, the most important sources of biodegradable mulch information for survey respondents were extension educators/specialists, university scientists, field days, extension conferences/workshops and farm tours. The least important sources of information were state-level departments of agriculture, the Natural Resources Conservation Service, formal education and crop consultants. When asked about future biodegradable mulch information channels, a majority of intermediaries across the three states preferred printed materials (78%), field days or demonstrations (78%), farm tours (56%), and Internet or e-mail (54%). In a written comment one survey respondent expressed a specific need for best management practices:
I look forward to best management practices for different mulches. For example, mulch A controls weeds well, but biodegrades slowly and should be removed from the field and composted in a hot pile. Or, mulch B is certified organic, decomposes well, but weed control is below par. (Washington extension specialist)
Results were mixed for in-person workshops, which were preferred by 64% of Texas respondents, 43% of Washington respondents and 33% of Tennessee respondents. Intermediaries in all three states were far less interested in one-on-one consultations, courses (in-person and online), large group meetings (in-person and online) and social media as means for receiving biodegradable mulch information in the future.
Summary and Conclusion
The first question addressed in our study focused on where individuals (particularly specialty crop growers in agricultural regions that have been underserved by research and outreach on plasticulture) were situated in relation to the five-stage innovation-decision process (Fig. 1) . We found that some individuals knew very little about biodegradable mulches (knowledge or pre-knowledge stage), whereas others had used biodegradable mulches or recommended their use to others (implementation or confirmation stage). Most study participants, however, were still forming opinions (persuasion stage) and, consequently, eager to learn more before deciding to adopt or reject biodegradable mulches (decision stage).
We found that insufficient knowledge was a significant barrier to the adoption of biodegradable mulches. Many farmers, agricultural extension agents, agricultural input suppliers and other stakeholders who could potentially use or recommend biodegradable mulches lacked adequate information. Lack of knowledge, however, was not due to the lack of interest. The study participants were very interested in learning more about biodegradable mulches, and they preferred to receive information via printed materials, field days and farm tours. Many study participants also expressed an interest in collaborating with scientists and extension educators on biodegradable mulch research projects. As specialty crop growers are at different stages in the innovation-diffusion process, a 'one size fits all' promotion approach is not appropriate. Sociological research has shown that the effectiveness of different information sources (e.g., university extension and neighbors) and communication channels (e.g., publications, web-based resources and in-person workshops) vary across the five stages of the innovation-decision process. For example, mass media channels may generate awareness of a particular innovation, but face-to-face interactions with experts and early adopters are usually necessary in the later stages of the innovation-decision process to obtain technical information about the innovation 31, 33, 40 . Our study participants' preference for printed materials, field days and farm tours rather than, for example, social media and one-on-one consultations, reflects their position in the middle of the five-stage innovation-decision process.
Our second research question focused on stakeholders' perceptions of biodegradable mulches and the influence of these perceptions on adoption behavior. Our findings suggest that two perceptions in particular are hindering adoption. First, a significant adoption barrier is the perception that biodegradable mulches cost more than polyethylene plastic mulch. Biodegradable mulches may be more expensive to purchase but appear to be cheaper than conventional plastic mulch when removal, disposal and environmental costs are fully considered 21, 26, 28 . There is a need for more in-depth research on the economics of biodegradable mulch use and how best to communicate this information to potential adopters. Second, the perception of the unpredictable breakdown of biodegradable mulch products is another significant barrier to adoption. Some study participants expressed concerns about new mulch products degrading too quickly; others were concerned about slow degradation. Stakeholders' experiences and perceptions regarding unpredictable breakdown correspond with findings from field studies where varying degrees of deterioration are the result of product type, site location and other factors 2, 10, [18] [19] [20] [21] [22] . The next generation of biodegradable mulch products should be designed to meet users' expectations of effective performance during the growing season in a variety of environments followed by timely biodegradation in the field or in composting.
Although some perceptions of biodegradable mulches are barriers to adoption, other perceptions can serve as bridges to adoption. Our findings suggest that the perceived environmental benefits and waste stream reduction associated with biodegradable mulches can positively influence adoption behavior. The fact that biodegradable mulches generate little to no plastic waste was highly compatible with study participants' ideological beliefs and values (e.g., the desire to avoid mulch made from nonrenewable feedstock, the desire to not contribute to the agricultural plastics waste stream). Some study participants commented that the landfilling of polyethylene plastic mulch is simply not a sustainable option for US specialty crop production. Study participants also spoke in more general terms about the environmental benefits associated with biodegradable mulches. Biodegradable mulches had a clear perceived relative advantage over polyethylene plastic mulch in terms of environmental footprint. Compatibility and relative advantage are innovation attributes known to positively influence adoption rates (Table 1) .
Our final, and overarching, research question was: what are the primary barriers and bridges to the adoption of biodegradable mulches for US specialty crop production? As already mentioned, we found that lack of knowledge, high cost and unpredictable breakdown were the primary barriers to the adoption of biodegradable mulches. However, these barriers can be overcome through enhanced stakeholder outreach, further economic studies and the development of more predictable mulch products. The primary bridges to adoption were waste stream and environmental benefits, as well as stakeholders' desire for additional information. Individuals and groups involved in the promotion of biodegradable mulch products should emphasize waste stream and environmental benefits via stakeholders' preferred communication channels, which include printed materials, field days and farm tours.
Our study focused on three different US agricultural regions (Mid-South, High Plains and Pacific Northwest) and relied on sociological methods and concepts. It fills a gap in the literature and complements existing field studies by documenting stakeholders' experiences with and perceptions of biodegradable mulches, a promising ecologically sustainable alternative to polyethylene plastic mulch. Understanding stakeholders' experiences and perceptions is critical for the successful design, development, diffusion and adoption of biodegradable mulches for US specialty crop production systems. As an increasing number of specialty crop growers, including certified organic producers, develop interest in and gain firsthand experience with biodegradable mulches, sociological studies should continue to explore the barriers and bridges to the diffusion and adoption of these products in different growing regions.
